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ABSTRACT 

We investigate different scenarios for tlie origin of the extragalactic radio background. 
The surface brightness of the background, as reported by the ARCADE 2 collabo- 
ration, is several times higher than that which would result from currently observed 
radio sources. We consider contributions to the background from diffuse synchrotron 
emission from clusters and the intergalactic medium, previously unrecognized flux 
from low surface brightness regions of radio sources, and faint point sources below 
the flux limit of existing surveys. By examining radio source counts available in the 
literature, we conclude that most of the radio background is produced by radio point 
sources that dominate at sub /iJy fluxes. We show that a truly diffuse background 
produced by electrons far from galaxes is ruled out because such energetic electrons 
would overproduce the obserevd X-ray/7-ray background through inverse Compton 
scattering of the other photon fields. Unrecognized flux from low surface brightness 
regions of extended radio sources, or moderate flux sources missed entirely by radio 
source count surveys, cannot explain the bulk of the observed background, but may 
contribute as much as 10 per cent. We consider both radio supernovae and radio quiet 
quasars as candidate sources for the background, and show that both fail to produce it 
at the observed level because of insufficient number of objects and total flux, although 
radio quiet quasars contribute at the level of at least a few percent. We conclude 
that if the radio background is at the level reported, a majority of the total surface 
brightness would have to be produced by ordinary starforming galaxies above redshift 
1 characterized by an evolving radio far-infrared correlation, which changes toward 
the radio loud with redshift. 
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1 INTRODUCTION 

Recent results from the ARCADE 2 (Absolute Radiome- 
ter for Cosmology, Astrophysics, and Diffuse Emission) 
project suggest a radio background several times brighter 
than can be produ c ed by currently ob s erved radio source s 
l|Fixsen et al.ll201(]| : ISeiffert et al]|20ld : ISingal at al.ll2010h . 
The extragalactic background, detected from 22 MHz to 8 
GHz, has a power law spectral index of q ~ 0.6 (defined 
here as 5^ oc where Sv is the spectral flux density) and 
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a brightness temperature of 1.17K at 1 GHz, corresponding 
to a cosmic radio background (CRB) intensity of 7 x 10~^^ 
W Hz~^ m"^ sr~^ = 3.6 x 10'' Jy/sr. A significant contri- 
bution to the background from free-fr ee emission has bee n 
ruled out based on the spectral shape l|Seiffert et al.|[201ol ). 

It is unlikely that the radio signal reported by the AR- 
CADE 2 collaboration is Gal actic or local in origin. As dis- 
cussed in iKogut et all (|2010l '). the extragalactic component 
is separated from the diffuse Galactic foreground by two 
independent robust indicators, a correlation of radio with 
CII emission and a cosecant dependence on Galactic lati- 
tude. The inferred residual extragalactic component is sev- 
eral times brighter than the high latitude Galactic level. 
Comparisons with observed edge-on galaxies indicate that 
our Galaxy would be quite anomolous to support a radio 
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emitting halo of the intensity needed to explain the signaQ. 
Additionally, assuming a diffuse Galactic origin for the mea- 
sured radio signal would require a source of radio emission 
that does not follow the correlation with far-infrared emis- 
sion observed in local galaxies, again making our Galaxy 
anomalous. Isotropic radio emission from a local region on 
the scale of the local bubble accounting for the level observed 
would manifest an all-sky quadrupole polarization pattern 
at a level visible in WMAP 23 GHz data, but such a pat- 
tern is not s e en. T hese lines of evidence are summarized in 
iKogut et al.1 (|201Cl ). Furthermore, the considerations of ^ 
in this paper can be used to place a strong constraint on the 
amount of the total observed high latitude radio emission 
that can Galactic in origin, as in the halo inverse comp- 
ton scattering on the ambient light would produce a much 
stronger X-ray background than observed, again strongly 
disfavoring a Galactic origin as an explaination for the sig- 
nal. In this paper, then, we investigate possible origins for 
the radio background, assuming the extragalactic level is 
that reported by the ARCADE 2 collaboration, although 
we conclude that producing the background at the level ob- 
served is difficult without a mechanism to cause significant 
redshift evolution in the radio to far infrared correlation be- 
yond what has been observed thus far. 

Interferometric surveys have achieved a relatively con- 
sistent picture of radio source counts above the 10/xJy level. 
At high fluxes, say between ImJy and IJy at 1.4 GHz, ra- 
dio loud activ e galactic nucle i (AGN) dominate radio source 
counts (e.g., ICondonI l2007l : IWindhorst et al.1 Il993h . with 
their differential counts following a power law dN/dS oc S ' 
with 7 < 2.5 (the so-called Euclidean value). Below ImJy, 
this trend tends to reverse and the source counts show a 
more rapid increase with decreasing flux, perhaps indicat- 
ing emergence of a new population which does not con- 
tribute at higher fluxes but domina t es in this regime (e.g . , 
CondonI 1200'j : ISimpson et al.l l2006l : iHopkins et all 12003 



Gervasi et al. I (|2008l ) have calculated the radio brightness 



resulting from fitting a two population model and extrapo- 
lating available radio source counts to fainter fiuxes at fre- 
quencies from 150 MHz to 8.5 GHz. They derive a surface 
brightness that is 3 to 6 times smaller than that reported 
by the ARCADE 2 collaboration. Clearly there must be sig- 
nificant contributi ons to the rad i o back ground from sources 
not considered bv lCervasT et al.1 l|2008l ). 

ARCADE 2 and other instruments used to determine 
the diffuse background intensity have resolutions greater 
than 1 degree, and cannot distinguish between a background 
due to discrete sources of angular sizes smaller than one de- 
gree, and ones that are truly diffuse. Therefore, we consider 
several candidates for comprising the background. 

The emission mechanism of sources producing the CRB 
must be synchrotron radiation by relativistic electrons. This 
puts powerful constraints on potential sources. They must 
not overproduce the measured diffuse far-infrared back- 
ground if related to star forming activity, nor overproduce 



^ One may add here that this is true even taking 
into account presence of 'anomalous large-scale radio 
continuum featur es' present i n some edge-on spirals 
( Humme l, van Gorkom. fc Kotanvil Il983l : lElmouttie et all 
ri995l) . 



the measured diffuse X-ray /7-ray background through in- 
verse compton (IC) scattering of the cosmic microwave back- 
ground (CMB) and other background photon fields by the 
same electrons. Additionally, the source spectra must be 
consistent with the CRB power-law spectrum of index 0.6, 
mentioned above. 

In this paper, we investigate several kinds of possible 
candidates. In §[2] we analyze the existing data from radio 
source counts, and using some approximate fitting proce- 
dures estimate the contribution from sources observed in nu- 
merous surveys. In §[3]we use the X-ray/7-ray background to 
limit the contribution from more diffuse emission, clusters, 
and the intergalactic medium, and in §|4]we examine whether 
source count surveys have missed a signiflcant amount of 
flux. In i) l5.1l and ij |5.2l we explore the potential contribution 
from radio supernovae and radio quiet quasars, and finally, 
in ij |5.3l we conclude that emission from star forming galax- 
ies may account for bulk of the measured radio background, 
but only if the radio/far- infrared luminosity ratio increases 
with redshift. A brief summary and discussion is presented 
in§[ni 



2 RADIO SOURCE COUNTS 

Figure[l] shows a schematic but fairly accurate depiction of 
radio source counts available in the literature (see Table[T]). 
In the top panel of the figure, we plot the S^'^dN/dS distri- 
butions given in different radio surveys (note that the differ- 
ential count is per steradian per unit flux). The observations 
were conducted at a range of frequencies (0.151 — 8.5 GHz). 
We have converted all fluxes to 1.4 GHz assuming a general 
power-law spectrum with an average (redshift independent) 
spectral index equal to 0.75, the canonical value of the ex- 
tragalactic radio sources. Note that even though the surveys 
considered have a wide range of angular resolution (spanning 
from 1 to 300 arcseconds) there is not only a clear agreement 
among the counts at S > 1 mjy, but also in regards to the 
presence of the - relatively poorly constrained - low-flux 
population emerging at 5* < 1 mJy. 

In the bottom panel of Figure[T] we plot a proxy for 
1.4 GHz total surface brightness due to radio sources, 
5*^ (dN/dS) , divided by the observed CRB brightness as 
reported by the ARCADE collaboration in iFixsen et al.l 
(2010), i.e. 
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for a power law dN/dS = S ^ , is equal to the area under the 
S^{dN/dS) curve, and thus the bottom pannel of Figure [1] 
provides directly a minimum fractional contribution to the 
CRB from the resolved objects. We estimate this fraction 
to be ~ 26 per cent. We note that the high-flux population 
is dominated by bright radio-loud AGN, while the low-flux 
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Figure 1. TOP: Scheamatic description of the observed 
S'^'^dN/dS distribution from different radio surveys. Source 
counts from 8.4 GHz surveys are in dark blue, 2.7 GHz in light 
blue, 5 GHz in yellow, 1.4 GHz in green, 610 MHz in pink, 408 MHz 
in red, and 151 MHz in black. Details of the radio surveys used 
with references are given in Tablc[T] Data from all frequencies is 
normalized to flux bins at 1.4 GHz using a 0.75 spectral index. 
BOTTOM: The S^dN/dS distribution representing the surface 
brightness per logarithmic flux bin of the same surveys, divided 
by the surface brightness of CRB at 1.4 GHz reported by the AR- 
CADE collaboration. The source counts tell roughly a consistent 
story over a wide range of frequencies and resolutions. The peak 
icontribution at ~ 100 mjy comes from bright radio galaxies. The 
contribution decreases with decreasing flux density, but begins to 
rise again below ~ 1 mJy as a new population of sources becomes 
important. Integrating over the entire flux range probed by these 
surveys gives ~ 26 per cent of the total surface brightness of the 
CRB at 1.4 GHz. 



one is gener ally thought to b e dominated by starforming 
galaxies (see lBallantvneir2009l . and references therein), with 
an additional possible co ntribution from radio-quiet and 
low-r adio power AGN (e.g. HE ar et al. I l2009l : iPadovani et al.l 
|2009|) . Surveys probing fluxes as low as a f ew tJ.Jy are con- 
sistent with the two popul ation model (e.g.. iFomalont et al.l 
l2002l : lBiggs fc Ivison|[200ii ). 



2.1 High-Flux Population 

The integrated (fractional) contribution of the high flux pop- 
ulation (S > So — 1 mJy) to the measured cosmic radio 
background, dS S (dN/dS)/ Bcrb , is about ~ 16 per 



cent at 1.4 GHz, and the corresponding surface number den- 
sity iV(> So) = Jg^ dS {dN/dS) ~ 4.7 x 10^ sr'^ One could 
ask if a significant portion of the flux from the high flux pop- 
ulation has been missed by radio surveys. If this were the 
case, then the contribution of the high flux population to the 
measured background would have been underestimated. One 
possible source of the missing flux could be extended low sur- 
face brightness sources. However, as mentioned above, the 
surveys included in Figure[T] in spite of the fact that they 
span a wide range of resolutions and are obtained from dif- 
ferent interferometer arrays, show very good agreement on 
the integrated contribution to the background. We will re- 
turn to the contribution of low surface brightness sources 
and quantify the possible missed flux further in §|4] 



2.2 Low-Flux Population 

Unlike the high-flux population, the total contribution of 
the low-flux population is not flxed by existing surveys, since 
these do not constrain the low flux peak on the S'^ (dN/dS) — 
S plot. Even though at low fluxes {S < So) source counts 
indicate a power-law distribution dN/dS oc S the mea- 
sured faint end index 7 varies substantially b etween different 
survey s, ranging from 7 = 2.11 claimed by iFomalont et al] 



survey ! 



and 7 = 2.61 claimed by lOwen fc MorrisonI \200^ 



The value of 7 = 2.5 is what would be seen in a static, 
isotropic and homogeneous Euclidean universe. In extrapo- 
lating to lower fluxes, as long as the faint end index is above 
2, the integrated contribution from lower flux sources to the 
background will continue to increase. Obviously, at some 
eventual lower flux, the faint end index must drop below 2, 
to avoid Olbers' paradox. 
Assuming 



dN 

Us 



for Smin < S < So, 



(4) 



one can calculate the required value of Smin as a function of 
7 such that the sources in this range provide the rest of the 
CBR. It is easy to show that for 7 > 2 

1/(2-7) 



(1 - jj-) (7 - 2) Bcrb 
koSl 



+ 1 



(5) 



where the factor H is the estimated fractional contribution 
from sources above So ~ 1 mJy, which we determine to be 
0.16. The top panel of Figure[2] shows the variation of Smin 
with 7 at = 1.4 GHz. We can also estimate the corre- 
sponding minimum number of required sources to be 



N{> S™„) -iV(> So) 
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whose dependence on 7 is shown on the bottom panel of 
Figure[2] Thus, if the background is to be made primarily 
from low flux sources, their faint end index below 1 mJy 
should be close to 7 = 2.5 in order to not exceed reason- 
able estimates for the total number of non-dwarf galaxies 
in the obervable Universe. In other words, in order for low 
flux density sources to account for the observed CRB, they 
must reach low flux values of less than 1 /xJy and have a 
surface density of (> 10^°sr~^), but not much higher than 
this value. 

A modeling of the dN/dS distribution of the low-flux 
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Figure 2. TOP: The lower flux density of sources Smin at 1.4 
GHz required so that the extrapolated source counts from So ~ 
1 mjy, with a faint end index 7, can account for observed CRB 
as reported by the ARCADE 2 collaboration, including a 16 per 
cent (solid lines) or 25 per cent (dashed line; see §|4]l contribution 
to the background from S^So sources. The upper and lower solid 
curves are for the two extreme values of the 1 mJy normalizations 
no of the surveys we consider. For 7 ~ 2.5 an extrapolation to 
Smin ~ 0.1/iJy is needed, while the needed lower flux density 
falls rapidly with decreasing faint end index. BOTTOM: Same 
as the top panel, but for the minimum number of sources below 
So needed to produce the observed CRB. 



(< mJy) population in terms of a single power law, although 
customary, is more than likely an over-simplification. A more 
realistic description would involve a smoothly curved func- 
tion with the integrated contribution per log flux bin (Figure 
[1] lower panel) peaking around Smin and then falling off, but 
including some contribution from objects with fluxes lower 
than Smin- The large population of dwarf galaxies may be 
the sources that increasingly become relevant at fluxes below 

Smin ■ 



3 DIFFUSE SOURCES 

In this section we consider the possibility that the CRB re- 
sults from truly diffuse emission associated with the large 
scale structure of the Universe, such as the intracluster 



medium (ICM), intergalactic medium (IGM), or the fil- 
aments connecting the clusters containing warm-hot gas. 
First we consider very general constraints, and then look 
at specific possibilities. 

3.1 General constraints on diffuse emission 

The simplest constraint on any population of electrons pro- 
ducing the CRB is that it must have a relatively flat energy 
spectrum, in order to produce the observed spectral index 
of a ~ 0.6. Less obviously, we show below that it must be 
associated with a magnetic field of at least 1 /xG. This is 
because otherwise the magnetic field energy density in such 
systems is much less than the energy density of the cosmic 
microwave background (CMB) and other background radi- 
ations. As a result, the relativistic electrons responsible for 
the radio emission would lose most of their energy produc- 
ing hard X-ray and gamma radiation via inverse Compton 
scattering of the other background fields. We now derive this 
limit more carefully. 

Given the observed power law spectrum, the energy 
density of the radio background per frequency dex at fr 
is given by 



(7) 



[iyrU„,.\ = — [UrBcRB[l^r)\ = 1.17 ^ 

where i^i, — 1 GHz. We are considering the background span- 
ning frequencies from vi ~1 MHz to 1/2 ~10 GHz. 

For a density of ultrarelativistic electrons with a power- 
law energy spectrum 



rieije) = ke 7e 



for 



(8) 



where fce is a normalization constant in units of cm"'', and 
7ej and 7^2 correspond here to the Lorentz factors of the 
electrons producing radiation primarily around and 1^2, 
respectively, the synchrotron emissivity ma y be approxi- 
mated as (see e.g. iRvbicki fc LightmanI 19791 ) 



WrJ^A ^ — fee , (9) 

where Ub = -B^/Stt is the energy density of the magnetic 
field, and Ucr = (SeB/lvrmc) 7^ ~ 4.2 (B/^G) 7^ Hz is the 
critical (radio) synchrotron frequency for a given 7e. 

For production of the observed radio background we 
need s = 2.2, 7^1 = 5 x 10^(B/A^G)~^/^ and = 
5 X 10''(-B/^G)~^'''^, with the value of ke being determined 
from the following relation between the emissivity and the 
observed energy density. 

We relate the (radio) synchrotron energy density to the 
emissivity with 



Itt 
c 



dV dz 
dz 4:TTdj^{z] 
, 4n 



) dz 



(10) 



(l + ^)(= + l)/2^(^) ' 

where Vr ~ Vr (1 + z), Ho = 70 km-i Mpc"^ is the Hubble 
constant, and Fsyn{z) describes the evolution of the product 
Ub X ke. Here E{z) = ^JVIm (1 -I- zY + f^A for the assumed 
flat cosmology, and the comoving volume element is 
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Similarly, we can get the inverse Compton (IC) emis- 
sivity resulting from the same population of electrons a^ 



SchaT 
167r 



duo / d'ye n{uo) Ueije) 



(12) 



(jBlumenthal fc GouldlllQTOI '). where n^vo) = [foUvohot / h^o 
is the total spectral number density of the extragalactic 
background photon field (including radio, CMB, infrared, 
optical/UV, X-ray, etc), 



/t = 2gT In qt + (JT + 1 
, 1 

o and —. 

4i/o7J 47, 



2ql , 



2 «; gr 1 . 



(13) 



The IC emissivity can be related to the IC energy den- 
sity by an equation similar to equation 1101 with Fsyn{z) re- 
placed by Fic{z) which now describes the evolution of the 
product n{vi.)) x fce- Ignoring the differences between these 
two evolutions (i.e. assuming that the ratio of the integrals 
over redshift involving Fsy„{z) and Fic{z) is of order unity) 
and by eliminating fce we can express the IC energy density 
in terms of the synchrotron energy density as 



4.2(i3/MG) \ 



7=2 (S) 



dje 



7ei(S) 



I -3 -4.2 

dvoi^o 7e 



vo\tot JT , 



(14) 



with Umax = min[!/2, V, nieC^ /Ah-fe] and Umin = 

max[z/i, z//47g]. We note that because the IC emissivity is 
dominated by upscattering of the CMB photon field, for 
which the energy density increases with redshift, the pre- 
sented evaluation of [vicU^-J with the cosmological evolu- 
tion neglected corresponds strictly to a lower limit. 

FigureO shows the energy density of the observed ex- 
tragalactic background light (thick curve), and the expected 
IC energy density resulting from upscattering of these back- 
ground photons by electrons producing the radio back- 
ground as given by eauation ll4l for different magnetic fields 
B = 0.001, 0.01, 0.1, and 1 ^iC (dotted, dashed, dot-dashed, 
and solid curves, respectively). Spectral energy densities of 
the IR/optical, X-ray, and 7-ray cosmic photon fields were 
constructed to be in agreement with t h e background lev - 
els provided bylFranceschini et all (|2008l '). lGini et al.l l|2007f ). 
and lSreekumar et al.l ( 19981 ') . respectivelv. Clearly any mag- 
netic field weaker than IfiG would result in X-ray/7-ray 
emission exceeding the observed background, and regions 
with such magnetic fields may be excluded as significant 
sources of the CRB. 

Importantly, this consideration excludes our own Galac- 
tic halo as the origin of the bulk of the isotropic radio signal. 
iTavlor. Stil. fc Sunstrum] (|2009i ) use rotation measure mea- 
surements of 37,000 polarized extragalactic radio sources to 
determine the intensity of the magnetic field in the Galactic 
halo, concluding with a value of approximately 1/xG. In our 



^ The following expressions are valid in the Thompson regime and 
are a good approximation for scattering of photons with huo ~ 1 
ev by the highest energy electrons 72. For scattering of photons 
above this energy one must use the Klein Nishina cross section. 
Few relevant photons lie above this range so in what follows we 
approximate the Klein-Nishina suppression by a sharp cutoff. 
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Figure 3. The thick black curve shows the measured energy 
density of the radio, microwave, infrared, optical, ultraviolet. 
X-ray, and 7-ray extragalactic backgrounds. The other curves 
show the energy density produced by inverse Compton scatter- 
ing of the photon backgrounds by electrons necessary to produce 
the radio background reported by the ARCADE 2 collabora- 
tion via synchrotron emission. The dotted, dashed, dot-dashed 
and solid curves are for a 1 nC, 10 nG, WOnG, and 1 fiG level 
average magnetic field. Because the intergalactic magnetic field 
is known to be ^ l/^G, the observed level of the X-ray back- 
ground rules out a significant portion of the radio background 
being produced by electrons far from galaxies. Spectral energy 
densities of the IR/optical, X-ray, and 7-ray cosmic photon fields 
were construct ed to be in agreement w it h the background lev- 
els providedb^^ances^ini^^ l|200gh . lGiUi et al.l lj2007l '). and 
iSreekumar et al. I l ll998l') . respectively. 



Galactic halo, the level of the ambient optical and infrared 
photon fields will be even higher than that considered in 
the calculation here, by an amount depending on the dis- 
tance from the Galactic plane, predicting an X-ray back- 
ground many times larger than that observed. There are 
Galactic and solar system components to the observed dif- 
fuse X-ray background, but these are significant only below 1 
keV (|Hickox fc MarkevitchllioO^ . The observed level of the 
X-ray background therefore strongly disfavours a Galactic 
origin for the observed isotropic radio signal. 



3.2 Diffuse emission from the IGM 

The CRB could in principle result from a population of rela- 
tivistic electrons pervading the IGM as as a whole, perhaps 
resulting from many generations of AGN. Large scale radio 
sources can easily expand to sizes of many Mpc on gigayear 
timescales, and so overlap. Almost certainly, however, adi- 
abatic expansion losses would result in a very low energy 
density, and synchrotron losses would lead to a steep en- 
ergy spectrum. Furthermore a variety of arguments suggest 
that the magneti c field i n the IGM is likely to be very weak, 
B < 0.2 ^G fsee IValled (|2004l ') and references therein). Dif- 
fuse emission from the IGM therefore seems unlikely to be 
the solution. 



3.3 Diffuse emission from clusters 

There is evidence for diffuse radio emission in some bu t 
not all clusters of galaxies (e.g. iFeretti fc Giovanniiiill2008l l. 
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Ever since discove ry of this emission from the Coma cluster 
l|Large et al.l Il959|l. there have been improved obse rvations 



of this svstem (|Wilsonlll970l : ISchli ckeiser et al."l98A as well 
as more extensive surveys bv [Ciovannini fc FerettI (|200(]| ') 
who have identified more than 40 clusters with diffuse ra- 
dio emission. These are classified as halos or relics, and are 
often associated with dynamically disturbed (merging) clus- 
ters. The origin of the relativistic electrons is controversial. 
They may be injected by AGN jets (McN amara fc NulsenI 
I2OO7I . and references therein) or produced as secondary 
pairs from ultrarelativistic cosmic-ray hadrons scattering of 
ICM protons. Finally, non-thermal electrons within IGM 
may be also picked up directly from the thermal pool and 
accelerated to ultrarelativistic energies by ICM shocks or 
turbulence ('primary' elec trons; see e.g., iPetrosianI I2OOII : 
iBrunetti fc LazarianI liooih . We note that the most recent 
observations of few clusters at 7-ray energies seem to ex- 
clude the 'secondar y' nature of the radio halo electrons (e.g., 
lAleksic et al]|2010l ). 

The fraction of clusters with radio emission increases 
rapidly with increasing soft X-ray luminosity, indicating that 
strong diffuse radio emission is not a common property of 
all clusters. However, deeper radio observations, especially 
at low frequencies, suggest that the presence of extended, 
low surface- brightness r adio structures in galaxy clust ers is 
relatively common (e.g. iRudnick fc Lemmermanll2009l ) but 
at lower flux levels. Possibly then the integrated effect of 
a large number of such weakly emitting clusters could be 
a significant contribution to the CRB. We are not able to 
predict the level of this integrated emission, but we can check 
the cluster hypothesis against our two general constraints - 
magnetic field and spectral index. 

There are estimates of the magnetic fields in some 
clusters via Faraday rotation measurements, which indicate 
(line-of-sight averaged) magnetic fields of 1 to 10 /iG (e.g., 
iKim fc Kronbergll 1 990: Ta ylor et al.ll2002l '). In particular, in 
Coma, iKronberg et al., (20071 ) measure a line-of-sight aver- 
aged intergalactic magnetic field in the range 0.2 — 0.4 /iG. 
However, the actual magnetic field will be larger by a factor 
of {R/ HbY^^ if it is tangled or chaotic on a distance scale 
Hb) that is smaller than cluster size R. For Hb ~ 10 kpc one 
can get fields as high as few ^.G. Overall, it is quite plausible 
that some cluster emission passes the magnetic field test. 

However, the obs erved radio spectra are relatively steep 
(index a > 1; see iLiang et al.l (|2000l )) which does not 
match the index of the CRB. It therefore seems that dif- 
fuse ICM/IGM emission, while possibly widespread, is not 
a dominant contributor to the cosmic radio background. 



4 MISSING LOW-SURFACE BRIGHTNESS 
EMISSION 

It is possible that the calculated strength of the CRB based 
on source counts is underestimated in two ways, due to the 
surface brightness limits of surveys. Firstly, the fluxes of 
some extended objects may have been undercharacterized, 
if their sizes are large, or they have extended low surface 
brightness components. Secondly, if there is a wide range of 
source surface brightnesses extending to low values, there 
may exist sources which will not be detected. In order to 



discuss this issue in more detail, it is useful to consider high 
and low flux sources separately. 



4.1 High-Flux Sources 

At high fluxes, source counts are dominated by radio galax- 
ies and radio-loud quasars that very often have large scale 
morphology. It is useful to disting uish the two well know n 
Fanaroff- Riley morphological types (Fanaroff & Rilev"l974!). 
The low-power FRIs have surface brightness profiles which 
fade outwards with no clear end, and therefore part of their 
total flux will be undetected in interferometric radio surveys. 
However, these outer components typically have ste ep spec- 
tra (e.g., lHardcastlelll999l : iLiang et al.ll2006l . I2008I '). which 
is inconsistent with being the dominant component of the 
CRB. Moreover, they have only a modest cosmological evo- 
lution (IWillott et al.|[200ll : |jamrozvll20o3 : iRigbv et al.ll2008l : 
ISmolcic et al.ll2009l') and so a lthough signiflca nt at sub-mjy 
fluxes (see iRigb v et ai]|2008l : [Padovani et al."2009l'). are un- 
likely to be the dominant low-fiux populationl3 

'Classical doubles' (FRIIs), on the other hand, have 
clearly defined boundaries of their extended radio lobes, but 
are expected to decrease in surface brightness as they age 
and grow in size ijKaiser et al.lll997l V Such extended struc- 
tures, which can reach Mpc-scale sizes, may to fall below 
typical survey surface brightness detection limits, especially 
at high redshifts. Even the cores may remain undetected, 
as they often have very low l evels of central (AGN-Iike) 
activ ity (|Machalski et all 1200 ll . l2006l : iDwarakanath fc Kald 
l2009h . However, the known low-surface brig htness giant ra- 
dio galaxies tend to hav e steep spectra (see Ijamrozv et al.l 
l2008l : Ik onar et al]|2008l ). which is not consistent with that 
of the CRB. 

A new survey, the Australia Telesco pe Low Brightness 
Survey (|Subrahmanvan et al.|[2oTol . |2009| ) has addressed the 
question of the number of potentially missed low-surface 
brightness radio galaxies or their extended components, us- 
ing an 8.4 deg^ survey down to mjy fiuxes, with a surface 
brightness thr eshold a factor of 5 lower tha n previous compa- 
rable surveys. ISubrahmanvan et al.l (|2010l ) state that 30 per 
cent of their sources have at least half of their flux between 
5arcsec and SOarcsec, and that 10 per cent of their sources 
have a size at least 1.5 times their beamsize of SOarcsec, in- 
dicating that there is a significant, but not dominant, com- 
ponent of extended fiux. This survey discovered a few new 
giant radio galaxies. The authors have not yet published 
source counts, but their initial analysis finds 500 sources in 
8.4 deg^ to a completeness limit of ImJy at 1.4 GHz, corre- 
sponding to an integrated source density of 1.95 x 10^ sr~^. 
This is not very different from our estimate based on other 
surveys discussed in ii l2.ll suggesting that any missing pop- 
ulation of high flux but low surface brightness sources is not 
large enough to explain the CRB. 

In summary, while there are indications that some high 
flux density, low surface brightness sources may have been 
missed in earlier source count surveys, it seems unlikely that 



This conclusion is in agreement with the modest estimated con- 
tribution of PR I sources t o the extragal actic X-ray an d 7-ray 
backgrounds llCelotti fc Fabiaa.2004. : Stawarz et al.ll2006l. respec- 
tively) 
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this is a very large effect; at most a 50 per cent correction, 
which can increase the maximum integrated contribution of 
the high flux population to the CRB to ~ 25 per cent. 



4.2 Low-Flux Sources 

Below 1 mjy, optical spectra of identified sources indi- 
cate that source counts become do minated by star form- 
ing galaxies (e.g.. [Benn et al]|l993l ) and the characteristic 
radio source size changes from ~ 10 arcsec to 2 arcsec 
l|Coleman fc Condonlll985h , consistent with a change in pop- 
ulation from double-lobed, elliptical-hosted radio galaxies to 
starforming 'regular' spiral galaxies and Seyferts. Sizes of a 
few arcsecond are large enough that measured peak fiuxes 
will often be an underestimate of total fiux, but not by a 
large factor. The usual procedure is to apply a statistical 
correction to the fiuxes, assuming a given source size distri- 
bution according to the formula of Windhorst ct al. (1990). 

For example, iHopkins et al.l (120031) ■ wi th a beam size of 
6 arcsec, apply the Windhorst et al.r ( 1990l ) formula for the 
angular fiux distibution to estimate a correction factor of 
/ ~ 1.3 for an assumed median source size of 2 arcsec. A 
median size of 4 arcsec (considerably bigger than expected 
for spiral galaxies at the redshift z — 1) would instead re- 
quire / ~ 1.7. This effect is therefore unlikely to be very 
large for the star forming galaxy population. 

One could imagine a population of large and low surface 
brightness radio-emitting galaxies whose fluxes are badly 
underestimated. Then for median source sizes of 10 and 
50 arcsec, the correction factors would be / ~ 2.5 and 
/ ~ 5.9, respectively, the later being nearly sufficient to 
explain the observed CRB. However, a completely missing 
population at 5* ~ 0.1 mJy seems unlikely. In compiling the 
source counts shown in Figure[T] we examined normalization 
against survey resolution, and found no significant consistent 
effect. There is also some c lear evidence in a specific field. 
With a beam size of 6 arcsec, IColeman fc CondonI (|l985l ) sur- 
veyed a VLA field to fj,Jy levels which had previously been 
su rveyed at the same fr e quenc y with a beam size of 19 arcsec 
bv lCondon fc Mitchelll l|l984 ). Of 159 sources found in the 
first (large beam) survey, only 8 were not seen in the later 
(small beam) survey. 

Summarizing the situation for low flux sources, it seems 
unlikely that signiflcant extended fiux has been missed (i.e. 
not already corrected for). 



5 POINT SOURCES 

The above results indicate that a class of radio sources not 
previously considered is needed to produce the bulk of the 
radio background. In particular, the background cannot be 
formed from diffuse emission or relatively few high lumi- 
nosity sources, but rather many lower luminosity sources. 
As discussed in ii l2.2l these sources should be numerous to 
enough dominate source counts from below the ~ 10 /xJy 
limit of current radio surveys down to the ~ lO"'^ fiJy level. 
In addition, the sources should have high magnetic fields, 
B > 1 fj,G, and should be produced by a relatively fiat- 
spectrum of relativistic electrons. In this section we consider 
some possible candidates. 



5.1 Radio Supernovae 

Radio supernovae (RSNe)produce significant radio fiux and 
could be a contributor to the background. RSNe associ- 
ated with Type II supernovae have a mean spectral in- 
dex r oughly comparable to the observed CRB (iWei ler et al.l 
'l986h. lColina et all (|200lf ) discovered a RSN in a radio mon- 
itoring campaign of the galaxy NGC 7469 with a 8.4 CHz lu- 
minosity of ~ 1.1 X 10^^ WHz~^, which is more than a thou- 
sand times more luminous than Cassiopeia A, the brightest 
radio supernova remnant in the Milky Way, and which would 
correspond to fiux densities in the range /iJy < S < mJy be- 
tween z = 0.1 and z = 2. This object would not have been 
found in conventional optical searches. 

Are RSNe of this luminosity numerous enoug h to ac- 
count for the background? As discussed in iWeiler et al.l 
(|2004 ) significant radio emission is only seen in core collapse 
supernovae, and approximately 10 per cent of co r e coll apse 
supernovae exhibit radio loudness. iMadau et al.l l|l998f ) es- 
timate the number of core collapse supern ovae integrating 
across all redshifts to be 3 arcmin"^ yr" -\ |m annucci et al.l 
(l2007h update this with the number of supernovae obscured 
optically by starbursts, limiting the correction to a factor 
of two at most, giving ^ 1 x lO^yr"^ core collapse super- 
novae over the whole sky. With the period of radi o loudness 
lasting on the order of a year (|Weiler et al.ll2004l ). we have 
only ^ 1 X 10** RSNe on the sky at any time. Noting that 
z = 2 is the peak era of supernova activity and assuming 
a mean RSNe 8.4 GHz luminosity of 1 x 10^^ WHz"\ this 
would give a contribution to the background intensity at the 
level of < 10 Jy/sr, falling short of the observed CRB by a 
factor of 1000. For a broad luminosity function extending 
below 1 X 10^^ WHz~^, the contribution will be even less. 
Note also that a fraction of the RSNe population at this lu- 
minosity located at significantly lower redshifts would have 
sufficiently high flux to be included in the radio surveys con- 
sidered in §[2] and Figure [T] and therefore cannot explain the 
'missing' portion of background. 

A higher fraction of core collapse supernovae could be 
more luminous in the radio if they were exploding in denser 
environments. At very high redshifts, nearly all population 
III stars could be very massive and explode in so called pair- 
instability supernovae. However, t he supernova r ate fr om 
population HI stars is estimated bv lWise fc Abell l|2005l ) to 
be only 10~* arcmin"^ yr~^) which is much less than regular 
core collapse supernovae. 

Finally, if RSNe were significant contributors to the ra- 
dio fluxes of spiral galaxies, they would be seen as compact 
sources in high-resolution images of nearby spiral galaxies. 
However, they are not. Young RSNe can sometimes be seen 
as individual sources, but they contribute only a tiny frac- 
tion of the total fiux. We conclude that RSNe are not a 
significant component of the radio background. 



5.2 Radio Quiet Quasars 

Radio quiet (RQ) quasars, as is well known, are not radio 
silent, and thus could potentially account for a missing pop- 
ulation of CRB sources. They are typically unresolved on 
sub arcsecond scales, with 1.4 GHz luminositie s of the order 
of 10 ^ ^ - 10*^ erg s~^ (iBlundell fc Kuncid[2007i : IWhite et all 
I2OO7I : lElvis et al.lll994l '). The radio emission of higher lumi- 
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nosity RQ quasars is most often produced by mildly /non- 
relativistic electrons in nuclear outflows originating in the 
inner parts of accretion disks, though large-scale relativis- 
tic jet s are sometimes (su rprisingly) detected in such sys- 
tems l|Blundell et al.ll2003l ). The expected strong magneti- 
zation of disk winds (-B S> 1 /iG) requires low Lorentz fac- 
tors and low energies of radio-emitting electrons which re- 
move the IC problem discussed in §(3] We note that the ra- 
dio emission from most low- luminosity (< 10^^ W/Hz) RQ 
quasars may not originate in n uclear outflows, but r ather 
from star- forming host galaxies (|Kellerman et al]|l994l ). but 
their space density is much lower than that of comparably 
luminous sources in normal starforming galaxies. The ob- 
served radio continua of RQ quasars are flat, possibly in 
agreement with the CRB spectrum (Blundell, priv.com.). 
RQ quasars are also numerous, though underrepresented in 
existing radio surveys due to the flux limits of the surveys. 
In addition, IWhite et al.l (|2007l ) have demonstrated that 
stacking seemingly empty radio images of optically identi- 
fied quasars which are individually below the noise level of 
the radio survey l eads to a composite image of significant 
radi o fiux. Finallv. ISimpson et al'l (|2006l ). Ilbar et al.1 (|2009| ) 
' l|2009l ) have claimed recently that radio 



and lPadovani etal 



quiet AGN constitute a significant fraction of the sub-mjy 
radio source population. 

On the other hand, the idea that RQ quasars produce 
the bulk of the CRB presents several problems. From Fig- 
ure[51 even with a faint end index of 2.5 below 100 /iJy, the 
number of sources needed to make the background is per- 
haps only a factor of 10 lower than reasonable estimates 
of the total number of non-dwarf galaxies in the observable 
Universe, and as such is much higher than the expected num- 
ber of quasars, i.e. high-acc retion rate objects. A lso, optical 
quasar number counts (e.g. [Richards et al.ir2006l ) point to a 
peak in the contribution to S^dN/dS occurring at ~ 50 /xJy 
in i band. Converting this to a radio flux using a radio loud- 
ness parameter (the ratio of the 1.4 GHz radio to 2500 A 
optical luminosity) on the order of 1 for RQ quasars, and 
adjusting the optical flux between i band and 2500 A ac- 
cording to standard spectral models, indicates the peak of 
S^dN/dlog{S) at 1.4 GHz would faU near 10 pJy. Below this 
peak flux the faint end index would drop to a sub-Euclidean 
value. This turn over would occur at least one order of mag- 
nitude higher than that necessitated by Figure[2l 

Let us now estimate the expected contribution of RQ 
qucisars to the measured CRB. Knowing the radio lumi- 
nosity function (LF) of RQ quasars, tp{Lii,z), where Lu = 
[vrL,^^] is the radio luminosity at frequency Vr (in what fol- 
lows we will use = 5 GHz) , their contribution to the CRB 
energy density can be evaluated in a manner equivalent to 
that of equation (|10|l with the emissivity replaced by the LF 
multiplied by L or LriI;{Lr, z), namely 
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(15) 



where a = d\n L^,^ / dXni'r is the radio spectral index. 

We do not have direct knowledge of the radio LF but we 
can estimate as described below by relating it to the known 
optical bolometric LF of quasars ^p{Lhoi, z) which may evolve 



as a pure luminosity evolution, pure density evolution, or 
luminosity-dependen t density evolution as constrained by 
iHopkins et all {200^) . Assuming similar evolution for the 
radio LF, then by definition, 



i>{LR, z) dLR = V'(-t'boi, z) diboi . 



(16) 



To evaluate the above integral we need the relation be- 
tween the bolometric and radio luminosities. IWhite et al.l 
|20o3) give a relation between the radio luminosity at 5 GHz 
and the absolute 2500 A magnitude Muv, which can be 
written as log [L5 GHz/(erg s"^ Hz"^)] ~ 22.07 - 0.34Muv 
or log [Lji/(ergs-^)] = 31.76 - 0.34Mi7y. We convert 
the 2500 A magnitude to the bolometric quasar luminos- 
ity using the approximate relations Lboi — 3 x vuvLj^^j^, 
muv — Muv = 5 log[di /pc] — 5 + K, where K stands for the 
Jf-correction factor, and muv = —2.5 log[5'i7v/3500 Jy], to 
obtain 



Lr 



10^6 ergs-1 



0.9 X 



10*1 ergs-i 



(17) 



where the luminosities Lboi, vuvLuuv, and Lr are ex- 
pressed in the units of ergs~^. 

After integrating equation [15] over the redshift rang43 
2 = — 6 and the radio luminosity range Lr — IQ'^^ — 
10''^ergs~^ (corresponding to the bolometric luminosity 
range L ~ 10**^ — 10** ergs~^), for the fit parameters 
regardirig the quasar luminosity function as provided in 
[Hopkins et al.1 l|2007i ). we find the expected contribution of 
RQ quasars to the extragalactic radio background at 5 GHz 
to be at the level of ~ 1.4 to 1.7 per cent for pure lumi- 
nosity or luminosity-dependent density evolution models. In 
the case of a pure density evolution model, the expected 
contribution rises to 4 per cent. This contribution is there- 
fore smaller by at least a factor of 10 than needed. One 
has to keep in mind, however, that the presented calcula- 
tions correspond strictly to the lower limits, because in con- 
structing the radio luminosity function, we considered only 
type 1 quasars. However, including the population of type 
2 sources, which cannot outnumber the population of unob- 
scured quasars by a large factor, is not expected to account 
for the order-of-magnitude difference. 

In order for emission from RQ quasars to comprise 
the bulk of the background, therefore, their radio loudness 
must evolve with redshift, and they must be significantly 
more numerous at redshifts betwee n 1 and 3 than previously 
thought. Ahhough lBiundelll (|2003l ) has claimed that signifi- 
cant flux from RQ quasars may be missed by interferometric 
observations, we conclude that emission from RQ quasars, 
while signiflcant (at the few percent level at least), does not 
likely explain the bulk of the missing contribution to the ra- 
dio background, unless there is some as of yet undetected but 
signiflcant evolution in the quasar radio luminosity function. 



While some high accretion rate objects may be present before 
z=6, the number must necessarily fall far short of the number of 
objects needed to make the background outlined in ^ 12.21 as the 
number of galaxies present at these redshifts is a small fraction 
of the total in the observable universe. 
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5.3 Starforming Galaxies 

Given the large (> 10^" sr^^) number of sources needed to 
produce the CRB, the constraints on extended and non- 
galactic emission discussed in sections [4] and [3l the required 
strong magnetic fields {B > 0.2 ^G) and fiat spectra, and 
the shortcomings of radio supernovae and RQ quasars fij lS.ll 
and ii l5.2p . it seems that ordinary galaxies may be more rea- 
sonable candidates for production of most of the CRB. Ordi- 
nary star forming galaxies are thought to dominate the low- 
flux p opulation of the resolved radio sources (e.g. Richa rds 
I2OO0I ). The radio continua produced in star forming regions 
are relatively fiat, being characterized by the s pectral in- 
dices close to the one of the CRB a = 0.6 (see llbar et all 
l200iJ ). Finally, the expected magnetic fields B > 1 /iC in 
star forming regions circumvents the IC problem discussed 

in m 



5. 3. 1 Constraints from the far-infrared background 

The radio emission originating in local star forming regions 
is ob served to be correlated with the far-infr ared (FIR) fiux 
(e.g. iDwek fc Barker 20021: llbar et all [20081 . and references 
therein), which combined with the observed level of the 
infrared background , constrains the contribution of these 
sources to the CRB. iDwek fc Barker] (|2002l ') give a relation 
between the 1.4 GHz radio power Pi. 4 ghz and the FIR lumi- 
nosity, Lfir, in the wavelength range 10 — 1000 ^m, which 
can be written as Lr = [t'P(i^)]i.4GHz ~ x 10~^ Lfir- There- 
fore, if the radio background is produced in the star forming 
regions of Seyferts, spirals, and ULIRGs, then from a naive 
application of this ratio one should expect the observed FIR 
background at the level of 



10" [i^U,] 



1.4 GHz 



2 X 10"^^ergcm"^ , 



which is higher than that observed l|Marsd en ct al."2010'') by 
a fact or of > 10. This is in agreement with Dwck & Ba rker. 
(|2002l ) result showing that the expected surface brightness 
of the sky at 178 MHz for different models of the cosmo- 
logically evolving star formation rate to be between 3K 
and 30 K; about 3 to 30 per cent of the A RCADE result 
Tchb(178MHz) ~ 104K (|Fixsen et al.|[201Q '). 

An alternative way to formulate this problem is as fol- 
lows. lAppleton et^ l|2004h find that individual starforming 
galaxies locally show a ratio between FIR and radio fluxes 
given by the value gro = log(S'70Mm/<5'i.4GHz) = 2.15. If we 
take the observed CRB and assume it is made by star form- 
ing galaxies following this ratio, then, ignoring for now any 
K-correction issues, we predict a FIR surface brightness at 
70 /im of 178 nWm~^ s r~^, which i s abo ut 25 times the ob- 
served level reported in lDole et al.l(|2006l '). Thus we can con- 
clude that the contribution of systems that obey the local 
radio FIR correlation to the radio background is on the level 
of approximately < 5 per cent, or, alternately, that the radio 
background must be made in large part from sources that 
appear more radio loud than the local radio FIR correlation 
by a factor of approximately 20. 



5.3.2 An evolving radio far-infrared correlation 

Since star formation in the Universe has evolved and the 
rate was much higher at redshifts of 1 and above (e.g.. 



iMadau et al.|[l998l ). the bulk of both the radio and infrared 
backgrounds are produced at these redshifts. Therefore, an 
evolution in the observed FIR to radio flux ratio towards 
greater radio loudness with redshift is necessary to have the 
radio and FIR backgrounds produced at the observed levels 
by starforming galaxies. 

It is important to note that the ratio of the relative con- 
tribution to the FIR background and radio background sur- 
face brightnesses from a galaxy (or class of galaxies) located 
at a particular redshift is given by the non-K-corrected FIR 
to radio fiux ratio, rather than the K-corrected ratio that is 
often reported for higher redshifts. Relating an observed flux 
ratio or ratio evolution to a K-corrected one, or vice- versa, is 
dependent on the source SED assumed, and the wavelengths 
in question. For observations at 70 /im and 1.4 GHz and a 
typical starburst galaxy SED, a fixed intrinsic §70 (where 
is the log of the fiux ratio at infrared frequency x to 1.4 GHz 
radio) from a galaxy at 2 ^ 2 will show an observed value 
reduced by Ag ~ 0.6 (see example calculations in references 
below). To explain the observed discrepancy between radio 
and 70 /im backgrounds shown in i]5.3.1l we would need to 
observe a high redshift evolution of Ag(observed) ~ —1.3 or 
Ag(intrinsic) ~ —0.7. 

A number of papers have explored the evolution of 
q with redshift at either MIR, FIR or submm wave- 
lengths. These determinations are complicated by selec- 
tion effects, and in the case of reports of the K-corrected 
correlation, template spectra. Although some papers con- 
clude that there i s no e vidence for a c hange i n intrinsic 
(eg llbar et all (|2008h . ISargent et all (|201(]| ). llbar et all 
( 2008^1 others do find possible evolution i n intrinsic q (eg 



lyiahakis etall (120071) . pBeswick et akl l|2008l ). ISevmour et al.1 
l 2009l) . lBourne et all poid )'). although it is not clear that 
this is large enough to explain the r adio back ground. Recent 
data from the BLAST instrument l|lvison et al. 2010a) also 
show the intrinsic correla tion evolving, and n ew results from 
the Herschel instrument (|lvison et al.ll2010bD are consistent 
with this as well. Th e most suitable repor ted r esults for com- 
parison are those of ISargent et al.l l|2010l ') and lBourne et al] 
(201(1) who use Spitzer 70 /xm data and present the evolution 
in observed 570 versus redshift (Fig 12 in Sargent et al. Fig 9 
in Bourne et al). These figures agree in showing that by z 2 
a change of Aq(observed) ~ —0.7 is observed, i.e. a factor 
of 5 decline in the FIR to radio fiux ratio. While significant, 
this is not enough to explain the FIR/radio background dis- 
crepancy. However, these figures show considerable scatter, 
and Sargent et al show that a radio-selected, as opposed 
to IR-selected, sample shows a systematically lower value, 
with Ag(observed) ~ —0.4. We note again that determina- 
tions of the value of the correlation at higher redshifts are 
complicated by selection biases and contamination by AGN 
emission. 

An evolving radio to FIR luminosity ratio toward the 
radio loud with increasing redshift would suggest that one or 
more of the following is true at higher redshifts: 1) a larger 
portion of the energy of star formation goes into in relativis- 
tic particles, for some reason possibly related to a different 
structure of the interstellar medium shaping the cosmic-ray 
acceleration efficiency at shocks driven by supernova, 2) a 
larger portion of the stars are high mass, resulting in more 
supernovae as well as an enhanced cosmic-ray acceleration 
at shocks driven by winds from massive stars, 3) synchrotron 
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emissivity is enhanced by higher interstellar magnetic fields, 
or 4) AGN activity in ordinary galaxies is proportionally 
more important. 

There is no concrete information on item 1, while item 
2 requires evolution of the initial mass function, which if 
true would alter the interpretation of the data on the star 
formation rate. The third possibility can be neither rejected 
nor supported by current data. 

Here let us only comment on the possibility that 
the cosmological evolution of supermassive black holes in 
the galactic centers results in enhanced AGN activity in 
late-type galaxies at high redshifts, and thus in their en- 
hanced radio emission relative to infrared. Note that in 
this context that it is now established that a large frac- 
tion of nearby spiral galaxie s show weak A GN activ- 
ity (iHo. Filippenko. fc SargentI 1 19971 : IHoI 120081 ). In addi- 
tion, several authors have argued that supermassive black 
holes (SMBHs) we re spinning more rapidly at early epochs 
ijWang et al.ll2009l l. For spiral- hosted SMBHs the effect may 
be even stronger than for the elliptical hosted SMBHs 
that give rise to quasars, due to the different charac- 
ter of the dominant accretion events which d etermine the 
black hole spin evolution (s ee the discussion in lSikora et al.l 
I2OO7I : IVolonteri etahl 120071 '). In the framework of the spin 
par adigm for jet produ ction, critically re-examined recently 
bv ISikora et all ioO^), one could therefore expect more 
powerful jets, and therefore more AGN-related radio emis- 
sion (for the same accretion luminosity) at higher redshifts 
in these systems. 

If the radio background is indeed formed from ~ 0.1 pJy 
sources, that corresponds to about ~ lO^^WHz"^ radio 
(1.4 GHz) luminosity at 2; = 2, which would be between 
10* and lO'' L/Lq at 70 pm with an evolving (K-corected) 
570. This infrared luminosity is below the 'knee' of the in- 
frared luminosity function, i.e. the radio background would 
be made by relatively normal spiral galaxies, in contrast to 
the infrared background, which appears to be dominated 
by lu minous and ultraluminous IR galaxies l|Magnelli et al.l 
I2OO9I ). We note the difficulty that locally the peak contri- 
bution to radio emission is from relatively luminous galax- 
ies with 1.4 GHz radio luminosities of around lO^'^ WHz~^ 
llCondon. Cotton, fc Broderick|[2003 ). while the peak contri- 
bution to the radio background, from galaxies beyond red- 
shift 1, is at 1.4 GHz luminosities of around lO'^^ WHz~^. 



6 DISCUSSION 

We have considered several mechanisms as the origin of the 
'missing' radio ffux necessary to account for the radio back- 
ground, assuming it is at the level reported by the ARCADE 
2 collaboration. As shown in §(3] diffuse, low surface bright- 
ness synchrotron emisssion from large scale structures (IGM, 
ICM and WHIM), and from our own Galactic halo, is limited 
by the observed level of the X-ray/7-ray background. As dis- 
cussed in ij |2.1l radio sources detected in many surveys above 
ImJy at 1.4 GHz contribute a total of 16 per cent of the 
background, and considerations of possible missed flux from 
extended sources discussed in §|4]may increase this number 
by at most a factor of 1.5. The resolved sources with fluxes 
from below 1 mjy to the current lower limit of interferomet- 
ric surveys at ~ 10 /xJy contribute another ~ 10 per cent. 



leaving between 60 per cent and 75 per cent of the cosmic 
radio background unaccounted for. 

We find it difficult to explain the level of the radio back- 
ground reported by ARCADE 2 without a new population 
of low flux radio sources. These sources should be numer- 
ous and faint enough to dominate source counts below the 
~ 10 /iJy limit of current radio surveys and must extend to 
the ~ 10~^ ^Jy (at 1.4 GHz) level. Moreover, they should 
have an observed ratio of radio to infrared output a factor 
of 5 above what is observed in local galaxies. As discussed 
in ij l5.ll and i) l5.2l radio supernovae and radio quiet quasars 
do not seem to produce adequate radio emission to account 
for the bulk of the background, although the latter class of 
objects is expected to contribute to the CRB at the level of 
at least a few percent. We conclude that the for the radio 
background to be at the level reported by ARCADE 2, it 
must be largely comprised of emission from ordinary galax- 
ies at z > 1 in which the radio to far-infrared observed flux 
ratio increases signiflcantly with redshift. 
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Table 1. Radio source count data plotted in Fif 
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'"VLA= Very Large Array, ATCA= Australia Telescope Compact Array, WSRT=Westerbrook Synthesis 
Radio Telescope, PSRT=Penticon Synthesis Radio Telescope, NCTRT=Northern Cross Transit Radio 
Telescope, CMBR= Cambridge Radio Telescope Survey. 

''The resolution quoted here is the full width at half max of the composite image. If the beam is not round, 
values for two axes are given. 

'^The low flux limit of the survey is a factor determined by the survey authors (usually 5) times the RMS 
noise. 

''From fits to dN/dS of the form dN/dS = k X S~''', where the dN/dS distribution is expressed in sr"-*^ 
Jy ~ ^ , and the flux 5 in Jy. 

"^The highest flux object observed, or the highest flux listed in a dN/dS table or fit to dN/dS. 

^Separate results for different fields reported. 

f Source counts power law directly given. 

^dN/dS given in table and power law determined with fit. 

'Source counts given by equation in S. 



